Zika virus (ZIKV) has emerged as a cause of congenital brain anomalies and a range of placenta-related abnormalities, highlighting the need to unveil the modes of maternal-fetal transmission. The most likely route of vertical ZIKV transmission is via the placenta. The earliest events of ZIKV transmission in the maternal decidua, representing the maternal uterine aspect of the chimeric placenta, have remained unexplored. Here, we show that ZIKV replicates in first-trimester human maternal-decidual tissues grown ex vivo as three-dimensional (3D) organ cultures. An efficient viral spread in the decidual tissues was demonstrated by the rapid upsurge and continued increase of tissue-associated ZIKV load and titers of infectious cellfree virus progeny, released from the infected tissues. Notably, maternal decidual tissues obtained at midgestation remained similarly susceptible to ZIKV, whereas fetus-derived chorionic villi demonstrated reduced ZIKV replication with increasing gestational age. A genome-wide transcriptome analysis revealed that ZIKV substantially upregulated the decidual tissue innate immune responses. Further comparison of the innate tissue response patterns following parallel infections with ZIKV and human cytomegalovirus (HCMV) revealed that unlike HCMV, ZIKV did not induce immune cell activation or trafficking responses in the maternal-fetal interface but rather upregulated placental apoptosis and cell death molecular functions. The data identify the maternal uterine aspect of the human placenta as a likely site of ZIKV transmission to the fetus and further reveal distinct patterns of innate tissue responses to ZIKV. Our unique experimental model and findings could further serve to study the initial stages of congenital ZIKV transmission and pathogenesis and evaluate the effect of new therapeutic interventions.
IMPORTANCE In view of the rapid spread of the current ZIKV epidemic and the severe manifestations of congenital ZIKV infection, it is crucial to learn the fundamental mechanisms of viral transmission from the mother to the fetus. Our studies of ZIKV infection in the authentic tissues of the human maternal-fetal interface unveil a route of transmission whereby virus originating from the mother could reach the fe-Z ika virus (ZIKV), a mosquito-borne flavivirus, has recently emerged as a cause of severe birth defects (1, 2) . Congenital ZIKV infection is associated with microcephaly and a range of neurological anomalies (2) (3) (4) (5) (6) , as well as with placenta-related abnormalities, including placental calcifications, intrauterine growth restriction (IUGR), and fetal loss (2, 3, (5) (6) (7) (8) (9) (10) (11) . Since its introduction into Brazil in 2015, ZIKV has been rapidly spreading worldwide, highlighting the urgent need to unveil the mode(s) of maternalfetal transmission and develop preventive measures.
The developing fetal brain has been identified as the end-organ target for ZIKV infection (10, (12) (13) (14) (15) (16) ), Yet, the mechanism of vertical transmission has remained largely unknown. Whereas no other flavivirus has been definitively associated with birth defects in humans, a similar range of congenital malformations is caused by human cytomegalovirus (HCMV) (17) , a leading cause of congenital infection (18) (19) (20) . HCMV is known to infect and injure the human placenta (19, 20) , and it is likely that lessons learned from studies of HCMV transplacental transmission would facilitate the understanding of congenital ZIKV infection.
ZIKV RNA and antigens have been detected in amniotic fluid and placental biopsy specimens from cases of ZIKV-related fetal malformations and loss (2, 6, (21) (22) (23) . These findings, coupled with recent studies in mouse vertical ZIKV transmission models (13, 15, 24, 25) and in nonhuman primate models (26) , suggest that the placenta is the most likely route of ZIKV transmission to the fetus.
The human placenta is a chimeric organ, containing both maternal and fetal structures: the maternal decidua-the specialized endometrium of pregnancy, constituting the uterine implantation site-and the fetus-derived chorionic villi ( Fig. 1A) (20) . During normal placental development, invasive fetal cytotrophoblasts (CTBs), originating from anchoring chorionic villi, invade the maternal decidua, which constitutes a unique multi-cell-type tissue, coinhabited by the invasive CTBs and maternal epithelial, stromal, endothelial, and immune cells ( Fig. 1) . Importantly, the placenta is known to be armed with physical and innate immune barriers against invading pathogens (20, 27) , and recent studies have revealed the importance of both systemic and local placental innate immune responses in the defense against ZIKV (27) (28) (29) (30) (31) .
Thus far, what has been experimentally learned about ZIKV infection of the human placenta comes from studies in isolated primary placental cells, demonstrating the susceptibility of placental macrophages (Hofbauer cells) and CTBs to ZIKV (1, 32, 33) . Importantly, a recent study showed that ZIKV replicates in an explant model of first-trimester chorionic villi (32) . Together, these studies have addressed crucial infection patterns at the fetal aspect of the placenta. Yet, it has remained unknown how ZIKV spreads from the mother to the fetal compartment to reach these cells. Here, we reasoned that the initial events of transmission could occur at the maternal decidua, where invasive fetal CTBs are buried within a multitude of maternal cells. To gain insight into these earliest events of viral tissue interplay within the authentic uterine environment, we have employed ZIKV infection in decidual tissues maintained as integral three-dimensional (3D) organ cultures. This ex vivo infection model has been successfully employed by us for studies of HCMV transmission (20, 34) . In the present study, we show that ZIKV efficiently infects and spreads through both early-and midgestation human maternal decidual tissues. Employing parallel infections with ZIKV and HCMV, we further identify distinctive virus-specific innate tissue response patterns in the maternal-fetal interface.
RESULTS
ZIKV infects and spreads through early-and midgestation decidual tissues. To evaluate the susceptibility of decidual tissues to ZIKV, first-trimester decidual tissues were infected with ZIKV strain PRVABC59 (derived from the current epidemic). We have already shown that these tissues remain viable and retain their natural histology for ϳ2 weeks under optimized growth conditions and that they are susceptible to HCMV replication (34) . Organ cultures of chorionic villus tissues obtained from the same donors were infected in parallel. We monitored the kinetics of viral infection and spread, first measuring the accumulation of viral RNA in the infected tissues by quantitative real-time PCR. As shown in Fig. 2A , there was a rapid and consistent increase in decidual tissue viral RNA over time, with an ϳ2-log increase measured over 7 days postinfection (dpi)-suggesting viral replication in the tissues. We next quantified the viral RNA and determined the titers of the infectious virus in the respective cleared supernatants of the same infected tissues. As shown in Fig. 2B and C, there was a surge in extracellular viral RNA, and increasing titers of infectious cell-free viral progeny were consistently released from the infected decidual tissues. Together, these findings revealed active ZIKV replication in the decidual cultures.
Similarly, and in agreement with a recent report (32) , ZIKV replication was demonstrated in first-trimester chorionic villi infected in parallel ( Fig. 2A to C).
There are separate African and Asian lineages of the virus (35) , and the latter strain has caused the current epidemic, associated with congenital infection and birth defects.
In comparative experiments examining parallel infections with strains PRVABC59 and MP1751 (previously isolated in Africa), we found that the two ZIKV strains similarly replicated in both the decidual and chorionic villus tissues (Fig. 2C ).
In accordance with previously reported findings by us and by others, we showed that the same tissues, infected in parallel, were susceptible to HCMV infection and spread ( Fig. 2D) (34, 36) . There was a 1-to 1.6-log increase in viral DNA accumulation in the tissues (Fig. 2D ). It should be noted that the pattern of HCMV infection and spread has been found to be highly consistent among hundreds of tissues which we have studied so far and has been described in detail before (34) . The kinetics and pattern of infection and spread differed between ZIKV and HCMV, which may be due to the much-shorter replication cycle of ZIKV and to the different modes of spread of the two viruses in the same tissues: following HCMV infection, individual HCMVinfected cells were detected at 2 dpi, with gradual progression of infection between 3 and 7 dpi. In contrast with the cell-free pattern of ZIKV spread (as revealed by the large amounts of released infectious virus [ Fig. 2B and C]), HCMV demonstrated a dominant cell-associated pattern of viral spread, and no infectious HCMV could be detected in the supernatants of infected cultures even at late times postinfection.
Temporal patterns of ZIKV susceptibility in decidual and chorionic villus tissues during gestation. While a strong temporal link of severe congenital abnormalities with first-trimester infection was revealed (2, 37, 38) , adverse pregnancy outcomes have been reported following infection later during gestation (3, 5, 8) . Having demonstrated ZIKV infection in early-gestation tissues, we also examined the kinetics of ZIKV replication in decidual and chorionic villus tissues obtained at midgestation (weeks 19 to 21) ( Fig. 2E ). Interestingly, we found that midgestation decidual tissues remained susceptible to ZIKV replication, whereas midgestation chorionic villi (obtained from the same donors and infected in parallel) demonstrated significantly reduced viral replication (ϳ2-log reduction) compared to the decidual tissues (P ϭ 0.001) ( Fig. 2E and F). This finding was consistently observed in 3 tissues from independent donors and appeared to be specific to ZIKV, as the susceptibility of the same tissues to HCMV was not altered by the gestation stage (Fig. 2F ). The combined results suggest the potential role of the maternal decidua as an ongoing site of ZIKV transmission beyond early gestation.
We further evaluated the in situ distribution of infected cells ( Fig. 3 ). Immunohistochemical analysis of the infected tissue sections at 2 dpi revealed multiple newly appearing ZIKV antigen-positive cells distributed throughout the decidual tissue sections. In the chorionic villus tissue sections, fetal CTBs (positive for cytokeratin 7) were positive for ZIKV antigen (in agreement with reference 32), whereas the adjacent superficial syncytiotrophoblast layer covering the chorionic villi was consistently neg-ative for ZIKV antigen. Control tissues infected for 1 h and then washed extensively were negative for ZIKV E antigen staining, indicating that the observed staining at 2 dpi is likely to reflect viral replication. Control infected tissue sections reacted with secondary antibodies only were negative by immunohistochemical staining.
ZIKV induces distinct innate immune responses in the maternal-fetal interface. Having shown that ZIKV effectively replicates in the maternal and fetal facets of the placenta, we proceeded to study the innate tissue responses to the virus. Analysis of the innate response within the authentic environment of multicellular integral tissues might closely recapitulate the tissue responses in vivo. We further compared the innate tissue responses between ZIKV and HCMV, demonstrated to replicate in the same tissues (see above) ( Fig. 2) (34, 39) . To this end, we performed a genome-wide transcriptome analysis of infected versus mock-infected tissues (Fig. 4 ). Decidual and chorionic villus tissues were infected in parallel by ZIKV and HCMV, using the same viral inoculum titer, and the transcriptome analysis was conducted at 2 dpi. This time point was chosen based on the observed rapid replication kinetics of ZIKV in these tissues, showing peak viral replication at 2 dpi (Fig. 2) , and on our recent demonstration that while HCMV infection and spread are slower in the tissues (Fig. 2D and reference 34) , the innate immune response in the decidual tissue is already induced at early times postinfection and reaches its peak at 24 to 48 h postinfection (39) .
Decidual tissue innate responses. We found that infection with both ZIKV and HCMV substantially dysregulated the gene expression profile in the decidual tissue (Fig.  4A ). Despite the more robust replication of ZIKV observed in the tissue, ZIKV exerted a relatively restricted decidual tissue response compared to HCMV ( Fig. 4A and B ). This was reflected by the lower number of differentially expressed genes following ZIKV infection ( Fig. 4A and B) , along with a lesser extent of gene upregulation, as measured by the fold changes from mock-infected tissues (Fig. 4B ), compared to the effect of HCMV on the decidua. Interestingly, while the HCMV response (as revealed by gene ontology analysis) was dominated by upregulation of immune cell activation, proliferation, and cell trafficking pathways, these pathways were not significantly altered by ZIKV ( Fig. 4C ; see also Fig. S1 in the supplemental material). Nonetheless, ZIKV significantly upregulated some innate immunity genes in the decidual tissue, in particular genes related to the antiviral interferon signaling pathways ( Fig. 4C and 5 ). Of note, gamma interferon (IFN-␥), which was upregulated by ϳ78-fold following HCMV infection (increase from mock), was not affected by ZIKV ( Fig. 5 ; also see Fig. S1 in the Temporal patterns of IFN expression in decidual and chorionic villus tissues during gestation as related to ZIKV susceptibility. Having shown the significantly reduced ZIKV replication in midgestation chorionic villus tissues compared with concurrently obtained decidual tissues and with early-gestation tissues ( Fig. 2E and F) , we further sought to examine whether differences in the tissue innate immune state could be related to the differences in ZIKV susceptibility. We examined the expression of type I, type II, and type III IFNs in mock-infected decidual and chorionic villus tissues obtained at early gestation and midgestation. As shown in Fig. 6B , while there was an expected tissue-to-tissue variation among different donors, higher expression levels of type I IFNs were found in midgestation chorionic villus tissues than in midgestation decidual tissues (P ϭ 0.004 for IFN-␤; P ϭ 0.068 for IFN-␣) and compared to early-gestation chorionic villus tissues (P ϭ 0.003 for IFN-␤; P ϭ 0.018 for IFN-␣). IFN-mRNA levels were also found to be higher in midgestation chorionic villi (Fig. 6B) , and yet these differences did not reach statistical significance. This inverse correlation between the levels of IFN expression and the temporal pattern of ZIKV susceptibility suggests that the increased expression of innate tissue antiviral factors during gestation could be related to the reduced ZIKV susceptibility of midgestation chorionic villi. 
DISCUSSION
In light of the rapid spread of the current ZIKV epidemic and the severe manifestations of congenital ZIKV infection, it is crucial to learn the mechanisms of viral transmission through the maternal-fetal interface.
While extensive experimental data supporting transplacental transmission have been recently obtained from mouse and nonhuman primate models (25, 26) , from studies in primary human placental cells (27, 33) , and from an explant model of first-trimester chorionic villi (32) (representing the fetal part of the human placenta), the earliest events of ZIKV transmission in the maternal uterine environment have remained unexplored. Our findings identify the human maternal decidua as a likely route of vertical ZIKV transmission to the fetus.
Active viral replication in the decidual tissues was demonstrated by the rapid upsurge and continued increase of tissue-associated ZIKV RNA load, along with the production and release (to the medium) of large amounts of infectious progeny virus from the infected decidual tissues. The rapid kinetics of ZIKV spread as demonstrated in both the decidual and chorionic villus tissues differed from the slower kinetics of HCMV infection in the same tissues ( Fig. 2 and reference 34) , a difference which may be partly due to the much shorter replication cycle of ZIKV than of HCMV. In particular, the efficient cell-free mode of spread of ZIKV contrasted with the predominant cell-to-cell mode of spread of HCMV in the same tissues, revealed by the complete absence of cell-free virus release (see also reference 34), and could have implications for the potential effectiveness of antibody-mediated preventive approaches.
We show that ZIKV targets the fetal CTBs within first-trimester chorionic villi (positive for ZIKV antigens and for cytokeratin 7 [Fig. 3] ). This finding is in accordance with a recent report which showed that ZIKV infects CTBs in first-trimester chorionic villi (32) . ZIKV replication has been also demonstrated in placental macrophages (Hofbauer cells) within first-trimester chorionic villi (32) , as well as in human primary amniotic epithelial cells, trophoblast progenitor cells, placental fibroblasts, endothelial cells, Hofbauer cells, and CTBs isolated from mid-and late-gestation placenta (5, 32, 33) . Likewise, ZIKV was found to infect trophoblasts of the maternal and fetal placenta along with placental endothelial cells in a mouse transplacental transmission model (24) . Importantly, we also found that the superficial syncytiotrophoblast layer, covering the villous core and directly contacting the maternal blood in the intervillous space ( Fig. 1B) , was consistently spared from ZIKV infection (Fig. 3 ). This finding is in agreement with the lack of ZIKV NS3 protein production in these cells, as reported by Tabata et al. (32) . The resistance of the syncytiotrophoblast cell layer to ZIKV infection could be related to the recent finding that syncytialized trophoblasts from term placenta are refractory to ZIKV infection due to their constitutive secretion of type III IFNs (27) . It remains unclear how ZIKV could bypass this placental barrier layer to access the subjacent fetal cells. In this regard, the hereby-demonstrated viral replication in the maternal decidua, where fetal cells directly interact with maternal cells, could represent at least one mechanism whereby virus originating from the mother could circumvent innate placental defenses (Fig. 1C) .
Routes of vertical transmission and their relative impact can vary with the gestational stage (5) . While a compelling association of severe outcome with first-trimester infection was identified (2, 37, 38) , it is now realized that ZIKV can also infect and damage the fetus later during gestation (3, 5, 8) . Our finding that midgestation decidual tissues remain susceptible to ZIKV replication, in contrast to the reduced susceptibility of chorionic villi at this gestational stage ( Fig. 2E and F) , highlights the potential role of the decidua as a site of ongoing ZIKV transmission beyond early gestation.
Given the central role of placental CTBs in anchoring and perfusion placental functions (20) , it is plausible that direct targeting of these cells by ZIKV would significantly impair placental development and function (19) . In addition to the deleterious effects of direct infection per se, it is increasingly recognized that the innate tissue responses to the virus can play a crucial role in the pathogenesis and outcome of congenital viral infections (29, (39) (40) (41) . We therefore examined the global impact of ZIKV on decidual and chorionic villus tissues, in comparison with HCMV, employing genomewide transcriptome analysis following parallel infection of the same tissues. In evaluating the decidual tissue response, one should bear in mind that the maternal decidua constitutes a specialized immunological site, geared to allow immune tolerance of the semiallogeneic fetus (20) , and that the immune-privileged environment in the decidua is tightly controlled by the composition of its immune cell population, dominated by decidual NK (dNK) cells (20, (42) (43) (44) (Fig. 1) . While both ZIKV and HCMV generally upregulated the decidual tissue antiviral innate immune responses and interferon signaling pathway ( Fig. 4 to 6 ; see also Fig. S1 in the supplemental material), HCMV innate responses and the cytokine alteration profile were dominated by upregulation of immune cell activation, proliferation, and trafficking pathways, pathways which were not modified by ZIKV (Fig. 4C) . Importantly, IFN-␥, known to be exclusively expressed by immune cells, was among the most upregulated genes in HCMV-infected decidual tissues and was not affected by ZIKV ( Fig. 5 and 6 ; also Fig. S1 in the supplemental material), further implying that unlike HCMV, ZIKV does not appear to activate decidual tissue immune cell response and trafficking. Conversely, ZIKV stimulated the expression of type I and type III IFNs, not remarkably affected by HCMV ( Fig. 6A ; also Fig. S1 in the supplemental material). These differences further argue for the important role of IFNs and interferon-stimulated genes (ISGs) rather than immune cell activation, in the early responses to the rapidly replicating ZIKV within the maternal-fetal interface tissue.
In line with the divergent decidual tissue responses to the two viruses, chorionic villus tissue response to ZIKV was distinctively enriched for apoptosis, cell death, and necrosis molecular functions, whereas the HCMV-triggered responses were dominated by upregulation of leukocyte migration, mobilization, and homing functions ( Fig. 4D ; also Fig. S1 in the supplemental material). The direct relation of these findings to clinical pathogenesis should be further studied. In view of these findings, it is noteworthy that the histopathology of naturally infected placenta in congenital HCMV cases is indeed characterized by immune cell infiltration (40, 41) , whereas limited pathological investigations of congenital ZIKV infection did not show increased inflammatory cell infiltration (23) . Based on our findings, it is tempting to speculate that following HCMV infection, innate immune responses may dysregulate the immunotolerance of the maternal-fetal interface, whereas at least some of the adverse pregnancy outcomes associated with ZIKV could be mediated by the virus-induced direct tissue damage pathways.
In summary, we have shown that ZIKV efficiently replicates in decidual tissues, identifying the maternal uterine aspect of the human placenta as a likely route of ZIKV transmission to the fetus. The data further reveal distinct patterns of placental-tissue innate immune responses to ZIKV and HCMV. Our unique ex vivo experimental model and findings could further serve to study the initial stages of transmission and pathogenesis of congenital ZIKV infection and evaluate the effect of new therapeutic interventions in the otherwise inaccessible human maternal-fetal interface.
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